1 play a crucial role in the Ca 2ϩ -induced signaling pathways of both plants and protists (1-3). The CDPK response is calcium-dependent but calmodulin (CaM)-independent, presumably because of the presence of an internal Ca 2ϩ -regulatory region (calmodulinlike domain, or CLD) near the C terminus of CDPK. The CLD is very similar (Ͼ40% identity) to the ubiquitous calcium-regulatory protein CaM. The target for the CLD is another short domain found in CDPK entitled the junction domain (JD), which connects the CLD with the N-terminal protein kinase domain (4, 5).
1
H, 15 N heteronuclear correlation NMR spectra, the distances derived from fluorescence resonance energy transfer measurements in apoCLD indicate partial unfolding and a subsequent contraction on binding Ca
2؉
, which is maintained on addition of the JD peptide. Interpretation of the distances suggests that the Ca 2؉ -saturated form is open with the two lobes sitting side-by-side although highly flexible. The transition to the JD-CLD state appears to be accompanied by a rotation of the N-and C-terminal domains with respect to each other inducing a slightly more closed overall complex. The observed differences between the behavior of CLD and the well studied related protein calmodulin are likely because of different physiological requirements for activation in vivo.
Calcium-dependent protein kinases (CDPKs) 1 play a crucial role in the Ca 2ϩ -induced signaling pathways of both plants and
protists (1) (2) (3) . The CDPK response is calcium-dependent but calmodulin (CaM)-independent, presumably because of the presence of an internal Ca 2ϩ -regulatory region (calmodulinlike domain, or CLD) near the C terminus of CDPK. The CLD is very similar (Ͼ40% identity) to the ubiquitous calcium-regulatory protein CaM. The target for the CLD is another short domain found in CDPK entitled the junction domain (JD), which connects the CLD with the N-terminal protein kinase domain (4, 5) .
In vivo, increases in the cytosolic [Ca 2ϩ ] presumably are thought to induce a structural change directly from the apo state of the CLD to the activated (JD-CLD) form. Bimolecular studies (2, 6, 7) demonstrate that significant activity can be reconstituted using truncated CDPK constructs lacking the CLD with exogenous CLD in the presence of Ca 2ϩ . Although recent structural work demonstrates that the CLD shares the same global fold as CaM, it is clear that functionally (2, 6, 7) and structurally there are also some significant distinctions. 2 Like CaM (8 -10) , CLD is comprised of two domains, each consisting of two helix-loop-helix EF-hand Ca 2ϩ binding loops (see Fig. 1 ). One of the most intriguing differences between CLD and CaM is the relative motion of these two domains on binding both Ca 2ϩ and their respective targets. NMR diffusion (11) and NMR relaxation measurements demonstrate that upon binding Ca 2ϩ , the two domains of the CLD collapse to form a significantly compacted molecule, whereas the two domains of CaM remain virtually independent in both the apoand Ca 2ϩ -saturated forms (9, 10) . Distances obtained through nuclear Overhauser effect measurements in NMR structural work show weak interdomain contacts in the CLD upon the addition of Ca 2ϩ or both Ca 2ϩ and a peptide encompassing the JD that is present. Interestingly, the residues that are most involved in the interface, Ala 382 from the N-terminal domain and Tyr 418 from the C-terminal domain, also demonstrate significant exchange broadening in the NMR spectra characteristic of a highly mobile system and multiple domain orientations. 2 Finally, backbone NMR relaxation studies of a Ca 2ϩ -saturated CLD construct provide a molecular tumbling time indicative of a compacted molecule but also suggest the presence of nanosecond interdomain motions, supporting the structural heterogeneity of the CLD in solution. 3 Although a significant amount of local and global information is available from NMR studies, we have yet to develop an understanding of the relative structural changes of the N-and C-terminal lobes of CLD that are associated with Ca 2ϩ binding and JD binding. In the present report, we use fluorescence resonance energy transfer (FRET) measurements, also known * This work supported by an operating grant from the National Sciences and Engineering Research Council. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. as Förster resonance energy transfer, to provide relatively long-range distance information in the CLD (12) . Measurements are reported for the global positioning of residues  Phe  344 , Leu  371 , and Leu  403 located in the N-terminal domain  with respect to the native C-terminal Cys  436 residue on binding  Ca  2ϩ and JD peptide. Selectively mutating the N-terminal residues to Trp and labeling the Cys with IAEDANS allowed us to obtain interdomain FRET measurements. Similar FRET measurements have been reported for studies of the related calcium-regulatory protein troponin C (TnC) and its interaction with troponin I (13) (14) (15) (16) (17) . The validity of the interdomain distances obtained for CLD was assessed by using triple mutants to give N-terminal intradomain measurements and compared with the known NMR structural data. Significant changes in the relative distance of the N-terminal domain residues with respect to Cys 436 were observed. These changes are interpreted with respect to the known structural information of CLD to provide a model for the domain reorientations that accompany CDPK activation.
MATERIALS AND METHODS
Proteins and Peptides-A clone for the wild-type CLD (WT-CLD), encompassing residues Ala 329 -Lys 508 of soybean CDPK-␣, was generously provided by Dr. A. C. Harmon (University of Florida). The protein was subcloned into a pT7-7 vector, expressed in BL21(DE3) Escherichia coli cells, and purified using Ni 2ϩ -His affinity and Ca 2ϩ -dependent hydrophobic chromatography as described previously. 2 15 N CLD was expressed using a MOPS-based minimal medium as described previously (18) and purified in the same manner. The calcium-dependent hydrophobic chromatography relies on the capacity of the protein to expose a hydrophobic surface in a Ca 2ϩ -dependent manner (19) . Sitedirected mutations were introduced based on the QuikChange mutagenesis protocol (Stratagene), where complementary forward and reverse primers encompassing the mutation were used with the pT7-7 wild-type plasmid to generate vectors containing the CLD mutant genes. The forward primers (5Ј-3Ј) used were as follows: F344W, GGT-GGACTGAAAGAGTTATGGAAGATGATTGACACAGAC; L371W, GCGAGTAGGATCTGAATGGATGGAGTCTGAAATCAAGG; L403W, GCTGCCACTGTTCATTGGAATAAGCTGGAGAGAG; C436S, GAGAT-ACAACAAGCTAGCAAGGACTTTGGTTTAG; L403C, GCTGCCACTG-TTCATTGCAATAAGCTGGAGAGAG. Single Trp mutants, F344W, L371W, and L403W, as well as two triple mutants, CSF344W (F344W, L403C,C436S) and CSL371W (L371W,L403C,C436S), were expressed and purified in the same manner as WT-CLD. Because WT-CLD does not contain any Trp residues, these could be introduced as single mutants measuring the distance to the native Cys 436 residue of CLD. Triple mutants were required to convert Cys 436 to Ser and subsequently introduce both Cys and Trp residues at other locations. The purity of the WT-or mutant CLD proteins was assessed by mass spectrometry and SDS-PAGE and was over 95%. Peptides encompassing the CLD binding portion of the junction domain of soybean CDPK-␣ and an N-terminal Cys (Ac-CAVLSRLKQFSAXNKLKKMALRVIA-CO 2 , where X is norleucine) were synthesized by the peptide synthesis facility, Department of Chemistry, University of Waterloo, Canada, headed by Dr. Gilles Lajoie.
IAEDANS Labeling and Fluorescence-Protein was dissolved in reaction buffer (50 mM Tris, 200 mM KCl, pH 8.5) to a final concentration of 2 mg/ml, and subsequently dithiothreitol, ␤-mercaptoethanol, sodium acetate, and EDTA were added to final concentrations of 25, 6, 2, and 5 mM, respectively. Samples were incubated for 4 h at 37°C or overnight at 17°C, and buffer was exchanged into fluorescence buffer (50 mM Tris, 200 mM KCl, pH 7.4) using a PD-10 column (Bio-Rad). A 5-fold molar excess of IAEDANS compared with protein was then added from a 1 mM stock solution (pH 8.0) and incubated in darkness for 4 h at 37°C. The solution was buffer exchanged back into fluorescence buffer to remove excess free IAEDANS. The extent of IAEDANS labeling was assessed by comparing the UV-visible absorbance of IAEDANS at A 450 with the combined absorption of IAEDANS and protein at A 276 .
Samples used in fluorescence measurements were 5 M in protein and contained either 4 mM EDTA (apo) or 2 mM (Ca 2ϩ and JD-CLD), and JD-CLD samples also contained 12 M peptide in a final volume of 2 ml. Measurements were acquired at 25°C on a Jobin SPEX Fluorolog 3-21 fluorometer. The excitation wavelength was 295 nm, with a bandpass of 2.5 nm. Emission spectra were acquired from 290 to 575 nm, with a 5 nm band-pass and 0.1 s integration time.
FRET Measurements-Fluorescence resonance energy transfer efficiency was calculated according to the following relationship (20, 21) ,
where E is the calculated efficiency, F DA is the emission of the donor (Trp) in the presence of the acceptor (IAEDANS), F D is the donor emission with no label present, and f A is fractional occupancy of the acceptor site (or degree of IAEDANS labeling). Thus for each measurement two sets of data were required, labeled and unlabeled, and the fluorescence was normalized to protein concentration. These efficiency values were then used to calculate the D-A separation using the following relationship,
where R is the D-A separation, and R 0 is the Förster critical distance (12) . The value for R 0 is dependent on the particular D-A combination, and is typically calculated as
where J is the overlap integral (cm 3 M Ϫ1 ), Q 0 is the donor quantum yield, n is the refractive index of the solution, and is the orientation factor. The values for J, Q 0 , n, and were taken from the literature (21, 22) . It should be noted that the largest source of error is the assumption that is based on the isotropic rotation of both donor and acceptor moieties (giving a value of two-thirds), however, the error in most cases is not unreasonable if relative distances are being sought as in this study (23, 24) , although the exact value of varies for each D-A pair and this assumption may lead to an underestimation of the distance. In this case, NMR structural and relaxation data of a slightly different CLD construct have shown that both the N-and C-terminal lobes exhibit significant chemical exchange, 3 a situation unlikely to produce highly anisotropic orientations especially between D-A combinations between the two lobes. Lackowicz and co-workers (17, 25) have also shown experimentally using anisotropy measurements that this assumption produces negligible error in similar studies of the related TnC protein, and Cheung and co-workers (13, 14, 16) have confirmed this result with complexed TnC. It is also important to note that in steady-state FRET measurements, the range of validity for R is Ϯ50% of R 0 (23) . In this case, the value of R 0 was 22.7 Å, and hence 11 Ͼ R Ͼ 33 Å was not considered accurate. The reported measurements and errors for distances are average results from duplicate experiments except for F344W, which was repeated in triplicate.
NMR Spectroscopy-Samples for NMR experiments were prepared in a 90/10% H 2 O/D 2 O bufferless solution, 100 mM KCl, 1.5 mM dithiothreitol, pH 7.2. The pH was adjusted with KOD and DCl, and the final pH was not adjusted for isotope effects. All calcium samples also included 10 mM CaCl 2 . Two-dimensional 1 H, 15 N HSQC spectra were acquired on a 500 MHz 1 H field Bruker Avance DRX spectrometer equipped with a triple resonance 5 mM TXI Cryoprobe with a z axis gradient channel. All spectra were referenced with respect to a 1 H chemical shift of 0 ppm for the most upfield resonance of 5-5-dimethylsilapentanesulfonate and processed with NMRPipe (26) .
RESULTS
Purification and Labeling-Purification of all mutant proteins was achieved with yields and purity characteristic of WT-CLD. The successful use of Ca 2ϩ -dependent hydrophobic chromatography in all instances indicated that the general functional properties of the mutant proteins were not significantly affected. Circular dichroism spectra of the mutant proteins closely resembled those of the wild-type protein, exhibiting a typical ␣-helical pattern (not shown). For both sites chosen for labeling, Cys 436 and L403C, typical yields for labeling reproducibly ranged from 70 to 90%, suggesting significant labeling of a single site. As a result, five possible donor-acceptor pairs (D-A) were identified, three interdomain, F344W-Cys (Fig. 1) .
Spectral Properties of Labeled Proteins- Fig. 2A presents a representative absorption spectrum of Ca 2ϩ -saturated F344W and WT-CLD labeled with IAEDANS normalized for the protein concentration. The broad, low peak centered at 350 nm is near the absorption maximum of IAEDANS, which also demonstrates significant absorption around 260 nm. The difference between the two spectra is attributable to the presence of the Trp residue in F344W, as indicated by the increased absorbance between 260 and 300 nm. In Fig. 2B , representative fluorescence emission spectra of labeled and unlabeled L403W, as well as labeled WT-CLD proteins, are presented that demonstrate the resonance energy transfer present in the sample. Labeled wild-type protein demonstrates some IAEDANS fluorescence centered near 460 nm (f A ), however, the presence of the single Trp residue in L403W causes an increase in the observed emission intensity (F AD ) due to energy transfer. Concomitantly, Trp fluorescence in the protein without IAEDANS present (F D ) is centered at 350 nm and is significantly more intense than when both acceptor and donor are present (F DA ).
In the apo form, the Trp fluorescence emission maximum wavelength for the three Trp mutants ranged from 336 (F344W) to 350 nm (L403W), and for IAEDANS fluorescence the emission maximum varied between 469 and 475 nm (Fig.  3A) . Similar, but slightly blue-shifted ranges were observed for the Ca 2ϩ form with Trp fluorescence emission maximum between 330 (SCF344W) and 343 nm (L371W) and IAEDANS emission peaking between 458 and 461 nm. The Trp emission maximum in the JD peptide-bound forms was once again increasingly blue-shifted, with the peak maximum between 322 (SCF344W) and 338 nm (L371W); however, the IAEDANS emission, ranging from 456 to 465 nm, did not demonstrate significant shifts. The observed blue-shifts roughly correlate with the expected transition from a partially unfolded to an increasingly compact shape (11) . Table I presents the calculated energy transfer efficiencies (E) and expected distances (R) for the apo-, Ca 2ϩ -, and JD-bound forms of CLD using the method described under "Materials and Methods." In the apo form, the interdomain distances are larger than the intradomain separations. The largest D-A distance was between L371W and Cys 436 (Ͼ33 Å), greater than the limit of the experimental system (27) , and the smallest separation observed was between CSF344W-L403C, 18.7 Ϯ 0.5 Å. The addition of Ca 2ϩ to the CLD induced several significant shifts in the distance between D-A pairs. With the exception of F344W-Cys 436 , which increased beyond 33 Å, all distances decreased to less than 20 Å (Table I ). The largest detectable change occurs between L371W and Cys 436 , which collapses by more than 13 Å down to 20.0 Ϯ 0.5 Å. Interestingly, the smallest distance calculated in the Ca 2ϩ form was the interdomain, L403W-Cys 436 at 17.8 Ϯ 1.0 Å; however, both intradomain measurements are within experimental uncertainty of this distance. These measurements are consistent with a Ca 2ϩ -induced collapse as observed by NMR diffusion measurements (11) and provide further evidence that the N-and C-terminal domains are not independent. Fig. 4 demonstrates the significant change that occurs in the 1 H, 15 N HSQC spectra of CLD between the apo- (Fig. 4A) and Ca 2ϩ -saturated (Fig. 4B) forms. The apoCLD spectrum shows significant peak overlap and poor resonance dispersion characteristic of unfolded or partially folded protein, whereas the Ca 2ϩ -CLD spectrum indicates that the protein is folded. As a result, the dramatic changes in the observed FRET distances on addition of Ca 2ϩ is most likely because of Ca 2ϩ -induced folding. Interpretation of the physical meaning of these distances with respect to the domain orientations is further extended under "Discussion."
Fluorescence Resonance Energy Transfer Measurements-
Further changes are associated with the binding peptide encompassing the JD, as expected from previous chemical shift mapping studies. 2 The intradomain distances decreased and again became the shortest observed, at 15.9 Ϯ 1. restructuring of the C-terminal domain only, as indicated by NMR spectroscopy. 2 Nevertheless, it is clear that the two domains remain proximal and that the N-terminal domain also experiences some type of restructuring as evidenced by the shortening of the intradomain distances. This latter result was not evident previously from NMR data.
DISCUSSION
Effect of Conformational Averaging-The approach used in the current study for obtaining spatial interdomain information has been employed extensively recently to characterize proteins involved in cardiac muscle contraction (13, 14, 16, 17) including the closely related TnC helix-loop-helix Ca 2ϩ -binding regulatory protein, which has Ͼ37% identity to CLD. These studies have measured intramolecular and intermolecular distances between TnC and the inhibitory subunit troponin I, which interact in a manner similar to JD-CLD. However, CLD provides an intriguing but difficult system to study from a conformational point of view because of the high degree of heterogeneity present as compared with TnC and the dynamic motions between the two domains. 2 It is important to note the effect of such motions because the results reported in the current study are average distances, and it is worthwhile to compare the observed results with NMR structural data, which agree surprisingly well despite the above caveat. On this basis, we speculate as to the average physical motions that may be taking place between the two domains.
In a molecular population, such as that presented by CLD, steady-state FRET results can only be interpreted as the average value of a range of distances. Furthermore, the average will be weighted toward the shorter distances because of the sixth power dependence shown in Equation 2. As a result, structural interpretation can only be made in terms of average distances. If the motion involves the pivoting of one domain with respect to another, an increase in one distance may well lead to a decrease in another; however, because only the average of both is reported the results may be weighted toward the short end of both distances. It is worthwhile to note that the short-range (Ͻ6 Å) structural constraints derived from NMR nuclear Overhauser effect experiments suffer from the same drawback because of the sixth power dependence of the nuclear Overhauser effect buildup on nuclear separation (28) .
Structural Comparison-The reported NMR structure of the CLD in the presence of the JD peptide 2 allows for a comparison with the results predicted by this study. The last row of Table  I presents the average internuclear distances in the NMR ensemble of structures between the C ␥ and S ␥ /C ␥ atoms for the residues studied here. There is generally solid agreement with the distances predicted by FRET, although the predicted distance for CS371W-L403C is presumably overestimated by ϳ4 Å. It is worthwhile noting that the expected value of ϳ11 Å for this distance is very near the experimental limit of the steadystate FRET measurements based on the Trp-IAEDANS donoracceptor pair, which may affect the measurement accuracy as may the assumption of an orientation factor () based on isotropic motions. Nevertheless, it is clear that the general trends of the structural data are clearly maintained in the FRET experiments.
In examining the distances calculated for the apo form, there is no direct correlation between the number of residues separating the D-A pairs and the observed distances. As a result, it is unlikely that the protein is completely unfolded, and some degree of folding must exist. However, it appears as though the individual domains are not completely folded as evidenced by the relatively large separations between the intradomain measurements for CSF344W-L403C (ϳ18.7 Å) and CSL371W-L403C (23.6 Å) and the NMR spectrum of Fig. 4A . This is as expected for a partially folded protein, which is the state predicted by NMR (11) . The FRET data are useful in that they add support to the notion that the extended nature of the apoCLD molecule is because of unfolding and not just because of interdomain separations as with apoCaM (9).
In the Ca 2ϩ -saturated form of CLD, the orientation of the Such a conformation is similar to the one of the subpopulations reported for the structure of JD-CLD. It should be noted that this result is quite different from the Ca 2ϩ -saturated form of mammalian CaM in which the two lobes remain independent (29) , and it indicates that the comparative models of the CLD based on the CaM scaffold are not accurate (30) . Interestingly, this type of interdomain interaction of the N-and C-terminal lobes has been reported for the yeast isoform of CaM (31) , and the interaction is thought to occur via the hydrophobic surfaces (32) .
In transition from the Ca 2ϩ -saturated to JD-CLD forms, there appears to be a concurrent decrease in the distance between F344W-Cys 436 and an increase in L403W and Cys 436 (Table I ). If one assumes that the N-terminal domain remains relatively rigid during this transition, then, on average, the N-terminal domain rotates in such a manner as to close slightly bringing helix A closer to the C-terminal domain and moving helix D slightly further away. The orientation of closure cannot be completely ascertained as NMR data suggest that the Cterminal domain undergoes a conformational transition when interacting with the JD peptide. The assumption that the Nterminal domain is rigid may be flawed, however, as there is a decrease in the determined distances of both intradomain D-A pairs to ϳ15 Å. A contributing factor may be intradomain movements as demonstrated by the NMR structure of the Nterminal domain of a slightly altered Ca 2ϩ -saturated CLD con- N HSQC NMR spectra of apo-(A) and Ca 2؉ -saturated (B) CLD. The dramatic increase in the number of visible peaks and dispersion is characteristic of transition from being unfolded or partially folded in A to a more compact, folded form in B.
FIG. 5. Stereo view of CLD structures calculated with FRET restraints Ca 2؉ -CLD (A) and JD-CLD (B).
The N-terminal lobe is overlaid in both cases for clarity, and when the ordered regions from both lobes are overlaid the root mean square deviation values are 4.31 (A) and 2.50 Å (B). Note that the Ca 2ϩ form used the same structural restraints for both lobes as the JD-CLD form, although there is a change in the C-terminal domain that is not taken into account. Nevertheless, the JD-CLD form is less disordered likely because of the shorter range of the observed FRET restraints. struct, which indicates that there may be flexibility in the interhelical angles of the first calcium-binding loop. Hence direct interpretation of the FRET results for the JD-CLD form is difficult because of likely intradomain motions of both the Nand C-terminal domains; however, on average it appears as though there is a limited amount of structural collapse associated with JD binding. Fig. 5 shows the results of a simple structure calculation where the lobes of the CLD were fixed as in the JD-CLD structure, 2 and the FRET restraints were used to provide interdomain information. The average "openness" seen in the FRET data of Ca 2ϩ -CLD may be a result of a larger degree of conformational heterogeneity (Fig. 5A ) than in the case of the JD-CLD (Fig. 5B) . For example, the backbone root mean square deviation across both lobes in the ensemble of Ca 2ϩ -CLD is ϳ4.3 Å, whereas in the JD-CLD case it is ϳ2.5 Å. The value for the family of JD-CLD structures without FRET restraints is 5.5 Å. One must be careful in interpreting these results, however, as it is clear from the previous study 2 that the C-terminal domain undergoes a rearrangement in the presence of the JD, and it is not clear what impact this rearrangement might have on our results.
Conclusions-The results of this study serve to further reinforce structural evidence suggested by NMR diffusion (11) and the 1 H, 15 N HSQC spectra (Fig. 4A ) that the apo form of CLD is largely unfolded, although it does exhibit a partially helical circular dichroism (30) . Furthermore, the results of this study are consistent with the view that there is an overall average collapse of the CLD in the presence of peptide, although the C-terminal domain does not collapse to the same extent as the N-terminal domain.
It is clear that the dynamics and motions of the CLD are very different from those of CaM, despite the latter molecule being the namesake of the former. One might speculate that this is because of the different requirements of both molecules; CaM is required to interact with numerous cellular targets (33) , whereas each CLD is tailored to interact intramolecularly with its own target. As a result, physiologically, the Ca 2ϩ form of CLD likely exists only very briefly and sets the stage for the more physiologically relevant JD-bound state, hence the interdomain associations observed by FRET and NMR. Yet the high local concentration of the target (JD) perhaps precludes the necessity for strong binding interactions to maintain a rapid Ca 2ϩ response and reasonably rapid off-rate of the target. For example, in contrast to the nanomolar dissociation constants observed for CaM-target interactions (34) the CLD has a dissociation constant of ϳ7 M for bimolecular interaction (6, 7) . It is clear that nature has tuned the structure and function of the CLD to suit a unique purpose in a complex manner, while employing a common helix-loop-helix EF-hand Ca 2ϩ -binding scaffold.
